Abstract
Introduction
The motor fuel demand of the world, especially for middle distillates, continues to grow in the European Union. To meet the current stringent quality requirements, such gasoline and diesel gas oil blending components are necessary which contain only a reduced amount of aromatic compound and are practically heteroatom-free, their octane or cetane number is high, and they also consist of easy and clean burning compounds. The isoparaffins are excellent blending components because their excellent physical-chemical and performance properties, and their blending into the motor fuels is not limited by standards [1] . Directives issued by the European Standardisation Committee (CEN) in 2010 suggest the production of high paraffin containing motor fuel blending components, which can be used mainly as diesel fuel blending components [2] .
One method of production of isoparaffins is the hydrogenation of isoolefin mixture formed in oligomerization of light olefins (3-6 carbon atoms) ( Figure 1) . One of the great advantages of the technology is that it can produce more valuable products from less valuable hydrocarbon industrial by-products, which can be formed in different technologies (fluid catalytic cracking of distillates, steam cracking, cracking of waste plastics and other thermal technologies, Fischer-Tropsch synthesis). Another advantage is that the oligomerization is flexible in terms of the average molecular weight of the hydrocarbon product and thus in terms of the composition (gasoline, JET, and gas oil fractions). The oligomerization has already been studied by using a variety of catalysts [3] , such as solid phosphoric acid [4] [5] [6] , zeolites [7] [8] [9] [10] [11] [12] [13] [14] [15] , acidic ion exchange resins [14] [15] [16] [17] [18] [19] [20] , metal oxide catalysts [21] [22] and ionic liquids [23] [24] [25] [26] .
Over the past decades the application of many types of zeolite catalysts were studied in oligomerization reactions. As a feedstock model compounds were mainly used. At the end of the 1990's Nkosi et al [7, 8] studied the modification of the Y-zeolites to use in the oligomerization of butenes. It was found that the lower acidity favours the production of dimers. When the catalyst activity increased, the deactivation rate increased, too. With increasing the size of the modifying cations the dimer selectivity increased. Yoon [9] [10] [11] [12] [13] [14] , primarily isobutene trimerization on different zeolite catalysts (e.g. beta zeolite, USY zeolite, mordenite, ferrierite). Based on the results they found that from the tested catalysts beta zeolites are suitable for oligomerization. During their investigations it was concluded that a higher share of oligomeric product with a higher degree can be achieved in case of higher Lewis/Brønsted acid ratio.
Several groups have also dealt with using ZSM type catalysts (especially ZSM -5) for the oligomerization reactions in the past 10 years [3, [12] [13] [27] [28] [29] . Arno de Klerk compared the activity of several catalysts (H-MCM-41, amorphous SiO 2 -Al 2 O 3 , UOP SPA, MOGD-1, MOGD-2) to oligomerize 1-hexene and 1-octene [3, [12] [13] . It noted that above 200°C a cracking side reaction occurred in the case of the tested catalysts, too. The resulting products were primarily middle distillates. Hauge et al [27] studied the dimerization of isobutene on various zeolite type catalysts (HZSM-5, H-mordenite, β-zeolite, Y-zeolite) as well. It was found that after the initial high conversion they deactivated quickly. This is because of the pore clogging effect of higher oligomeric hydrocarbons formed in the pores. Kresnawahjuesa et al [28] applied H-ZSM-5 catalyst in propylene and 1-butene oligomerization. Primarily they studied the adsorption properties of the various hydrocarbons. It was found that the activity of the tested H-[Fe]-ZSM-5 was less than that of H-[Al]-ZSM-5 catalysts. Schmidt et al [29] studied the oligomerization of the olefin content of a mixture modelling an refinery C 5 fraction with mordenite and ZSM-5 catalysts. Based on the results it was found that the higher Si/ Al ratio effected higher conversion of the alkenes (mordenite, isopentane conversion: 95%, linear pentene conversion: 25-45%, dimer selectivity: 92-95%). The catalyst worked steadily at a constant temperature during the 600 hours long term experiment.
Three patented technologies are based on this type of catalyst: the MOGD (Mobil Olefins to Gasoline and Distillate), COD (Catalytic Conversion of Olefins to Distillates) and EMOGAS (Exxon Mobil Olefins to GASoline) [3, 30] . The MOGD process was developed in the 1980's applying H-ZSM-5 catalyst especially for the purpose of oligomerization of olefins obtained on methanol basis. The COD technology [3] used H-ZSM-5 catalyst for the conversion of Fischer-Tropsch olefins to diesel gas oil. In the 2000's EMOGAS technology was developed which was suitable for the production of mainly gasoline and JET fractions on H-ZSM-22 or -57 zeolite [3] .
The previous publications mainly reported on laboratory scale experiments carried out with model compounds, mostly in relation to the production of dimers. Technologies patented on zeolite catalysts are related to feedstocks with specific compositions and characterized by a given technology. No publications were written about the conversion of the olefins in light FCC gasoline in the presence of zeolites. Therefore, our research was to select a catalytic system which is suitable for producing much more valuable intermediates (isoolefin mixtures) from the referred feedstock, namely a less valuable byproduct, from which motor fuel blending components can be prepared after hydrogenation.
Experimental
In our experimental work -based on the previous reasonswe examined the oligomerization of the olefin content of light FCC gasoline on different zeolite catalysts. We studied in detail the effect of the process parameters (temperature, pressure, LHSV: liquid hour space velocity) on the yield and selectivity of the target products.
Apparatus
The experiments were carried out in a high pressure laboratory scale reactor system ( Figure 2 ). The reactor length is 480 mm, the internal diameter is 25 mm (in the middle of the reactor there is a thermometer to measure the temperature of the catalyst bed). The volume of the loaded catalyst is approx. 100 cm 3 , inert loading was preferably placed in the lower and upper section of the reactor. The loaded catalyst bed is around 22 cm high. To control the temperature of the middle of the bed we used heating elements situated in the reactor shell. The heater is divided into two separate parts, temperature is measured in two places, and with these the desired temperature of the catalyst bed can be set with ± 1°C accuracy. The reactor system contained all the equipment, apparatus and machines which can be found in an industrial plant, too.
Process parameters
The process parameters were chosen based on the results of our earlier experiments. The investigated temperature range was 80-260°C and 180-300°C, pressure range was 30-60 bar, liquid hourly space velocity range was 1.0 and 2.0 h -1 . During the experiment the feedstock was thermostated at nearly 0-5°C in the storage and feeding burettes. The measurements were carried out in nitrogen atmosphere. We started the main periods of each measurement point only after the system was in a steady state regarding both the process parameters and the composition of the product. The state of the laboratory experimental apparatus was considered stabilized if the individual process parameters changed only between the allowed limits (±1°C, ±0.2 bar, ±1 cm 3 /hour) for 3-5 hours, and the composition of the resulting product mixture varied between the combined error limits of the technological measurement and the analytical test.
Analytical methods
The yield of liquid products was determined with mass measurement and the yield of gas product with gas flow meter and was verified from the mass balance. The composition of gas products was determined with online gas chromatography (Thermo-Finnigan Trace 2000 GC; Varian column: 50 m x 0.2 mm x 0.5 μm; TCD detector).
The boiling point range of the products and the characteristic of the boiling point curve were characterized by Engler distillation (EN ISO 3405:2000). We examined the composition of the liquid hydrocarbon products with gas chromatography method. The 0.1 µl fluid sample was injected through PTV (Programmed Temperature Valve) injector (5 min at 30°C, to 350°C at 20°C/min ramp rate, and holding time 5 min). The Shimadzu GC-2010 gas chromatograph is equipped with a ZB-1 column (100 m × 0.25 mm × 0.5 μm). A FID detector was used for the analysis. The temperature ramp was programmed: from 30°C (hold time 10 min) to 350°C at 10°C/min ramp rate, with the final temperature maintained for 15 minutes.
Based on the gas chromatogram of the product we determined the conversion of the olefin compounds of the feedstock and the selectivity of the oligomerization reactions forming C 8 -C 11 and C 12+ hydrocarbons (C 8 -C 11 and C 12+ selectivity; unit: relative%).
With using simple GC and available industry samples with known composition and individual and mixture C 4 -C 6 calibration standards the C 4 -C 6 hydrocarbons can be determined exactly. The olefin content of the feedstock and the unconverted C 4 -C 6 olefins in the liquid product can be clearly identified so -using mass balance -the defined olefin conversion can be calculated. We identified all of the hydrocarbons which were not in the feedstock as resulting products (C 8+ hydrocarbons). Based on the end boiling point of feedstock it did not contain C 8 hydrocarbons. Due to the difficulties of determination the detailed C 8+ product analysis with a GC was not our aim, we could only determine the amount of heavier fractions as defined in number of carbon atoms.
Through evaluating the results we divided the C 8+ products into two fractions according to carbon number, thus giving the C 8-11 and C 12+ selectivity (C 8-11 selectivity = weight of C [8] [9] [10] [11] hydrocarbon/weight of C 8+ hydrocarbons *100, C 12+ selectivity = 100 -C 8-11 selectivity). These data characterized the oligomerization reactions having taken place on the catalyst.
Testing methods applied for characterizing the catalysts used in the experiments are summarized in Table 1 .
Feedstock and catalysts
Because of the reasons mentioned in the introduction, the experiments were carried out not with individual olefins but a light fraction produced with distillation from refinery FCC-naphtha (boiling point range: 30.6-88.0°C, density at 15.6°C: 0.6561 g/cm 3 ) ( Table 2 ). This contained mostly C 5 -C 6 hydrocarbons. The concentration of the unsaturated components with olefinic double bond, which are important from the point of view of oligomerization, was 34.2%. Two of the eight zeolite catalysts being tested in the preexperiment, those showed the highest activity, were tested in detail. The oligomerization experiments were carried out on two ZSM-5 type zeolite catalysts (A and B) and on these two layered bed (1:1 volume ratio) (Table 3, Figure 3 ). In the tubular reactor was charged with 80 cm 3 
Results and discussion
Our object was to select a zeolite or a catalytic system containing two zeolite catalysts with different properties are suitable for oligomerization converting the olefin content of the feedstock to heavier isoolefins mixture. According to our objective we studied the oligomerization activity of two zeolites in a wide range of process parameters. Based on the mass balance the quantity of the non-reactive hydrocarbons changed only in the range of ensemble error of technological and analytical measurements. Investigating the temperature dependence of oligomerizing activity of zeolite A and B we found that the yield of the liquid products changed in range of 85-100%. Reactions resulting gaseous products took only place above 200°C. Figure 4 and 5 show that in case of catalyst A the conversion of olefins varied between 9.9% and 39.8%. In the studied parameter range the total oligomeric hydrocarbon share in the products was between 2.1 to 13.3 abs%, the C 12+ selectivity of oligomers (based on amount of C 8+ products) varied between 3% and 8%.
We found that the conversion of olefins and the share of heavier products increased with increasing the temperature to 240°C and above this there were only very slight changes. The maximum value was achieved at 240°C and 50 bar.
The results obtained on catalyst B are shown in Figures 6  and 7 . The conversion of olefins was between 3% and 38.5%, and the oligomers share in the product was between 0.2 and 12.3 abs%. In the investigated process parameter range the C 12+ oligomers selectivity varied between 0 and 9%. We found that the activity of catalyst changed similarly to those experienced in the case of catalyst A in function of temperature and pressure. Increase in pressure favoured for C 12+ selectivity.
Based on result of the experiments we found that the activity of both catalysts was not significantly different from each other at the applied process parameters; the compositional and structural differences between them cause only 1-2 percent absolute deviation in the olefin conversion (catalyst A: 39.8% and catalyst B: 38.5%) and in C 12+ selectivity (catalyst A: 8% and catalyst B: 9%) values.
In the further experiments we examined the application of catalyst A and B together in two layered bed as a new catalytic system (Figure 8 ). Reasons of using of two layered bed were mainly technological considerations. In case of highly exothermic reactions (e.g. oligomerization) on the inert bed the temperature decreases, so the rate of cracking side reactions, too. In addition in the case of industrial implementation it is possible with divided bed to cool the reaction mixture with fresh feedstock. In technical terms, its application increases the efficiency the redistribution of the hydrocarbon mixture on an inert bed. Favourable temperature for the oligomerization was higher -on the basis of the results of previous experiments.
On the basis of the results we found that cracking reactions (resulting gaseous products) took place in higher extent at higher temperatures (>250°C) in the investigated temperature range, which significantly reduced the yield of the liquid products (65-98%).
The olefin conversion was between 6.9 to 33.5%, whereas the concentration of formed heavier hydrocarbons changed between 2.9 to 11.2 abs% depending on the temperature. With the reduction of LHSV both the olefin conversion and the C 12+ selectivity became higher. The largest oligomer share in the product was reached at 270°C, 40 bar and 1.0 h -1 LHSV (liquid yield: 76%, olefin conversion: 33.5%, C 8 -C 11 selectivity: 81.8%, C 12+ selectivity: 18.2%).
We found that the conversions were lower than those found by others in experiments with model compounds [7] [8] [9] [10] [11] [12] [13] [14] . This was expected, because the applied feedstock contained relatively large amounts of materials inert to oligomerization (approx. 65.8%), which reduce the probability of occurring target reactions with temporary covering of the catalytically active sites.
During the two layered bed experiments, however, the C 12+ selectivity was higher, at favourable conditions it approximately doubled in comparison to the value obtained with a single zeolite catalyst bed (e.g. catalyst A). This was mainly due to the less liquid hour space velocity at a given temperature (260°C). Twice the selectivity was achieved at higher temperatures. The oligomerizing activity of the catalyst increased significantly at 300°C, however, with largely increasing of the cracking activity reduced the yield of the target products (65%).
Activity of catalysts did not show significant decrease at the examined process parameter range during the experiments. Our feedstock is a light hydrocarbon fraction, so it did not contain high molecular weight coke precursors, but they could form in polymerization reactions. After removing the catalyst we did not observe any signs of coke formation.
There are Engler distillation curves of the typical products used with the different catalyst bed compared to the distillation curve of the feedstock (Figure 9 ). Shape of the curves supports well the previous evaluation, and the beneficial effect of the application of layered bed. At a higher temperature higher degree oligomers are formed in a greater volume, and the end boiling point of the product increased. It can be seen that at lower conversion the shape of the curves are staged due to the forming of different degree oligomers, at strict parameters -for example at higher temperature -the different reactions resulted more balanced hydrocarbon distribution. The liquid hydrocarbon product obtained at the favourable process conditions contains about 89 v/v% naphtha and about 11 v/v% middle distillate boiling range products in case of layered bed.
Catalytic hydrogenation of oligomerizatums is not a topic of this paper, even so based on the results of the hydrogenation of oligomerizatums (on Pt,Pd/Al 2 O 3 catalyst) the octane number of the naphtha product reached 100, the crystallization point of the JET fuel was low (-55°C), the cetane number of the gas oil product was high (>65) and it had a good CFPP (cold filter plugging point) value (-15°C) (Table 4) . However, it could also meet the required standard value after using a low amount of additive.
Summary
The favourable combination of process parameters by investigating the oligomerization of light FCC naphtha olefins was T= 240°C, P= 50 bar, LHSV= 2.0 h -1 , in case of both ZSM -5 zeolite catalysts. At these process parameters the olefin conversions were 39.8 and 38.5%, and the shares of C 12+ hydrocarbons in the oligomer product (related to C 8+ hydrocarbons) were 8.0 and 9.0%. In case of the application of zeolite catalysts A and B in two layered bed the olefin conversion was 33.5% (T: 270°C , P: 40 bar, LHSV: 1.0 h -1 ) with 18.2% C 12+ selectivity. The oligomerizing activity of the tested catalytic systems was similar using zeolite A and B separately. However, when applying the two layered zeolite catalyst bed it approximately doubled the oligomers ratio in the middle distillate boiling We did not achieve significant increasing of efficiency with the use of two layered bed in large laboratory scale. The application of it has primarily importance in case of increased size technology.
One advantage of the application of two layered bed is that the catalyst bed temperature could be controlled more easily in spite of the exothermic oligomerization reactions. To this the large inert hydrocarbon content of the feedstock contributes, which is non-reactive in oligomerization reactions.
So isoolefin mixtures can be prepared in favourable reaction conditions, from which after the saturation of the olefinic double bonds and distillation excellent, environmentally friendly gasoline, JET and gas oil blending components can be obtained. Tab. 4. Main properties of typical products *CFPP: cold filter pugging point
